Objective Accurate assessment of gestational age (GA) is critical to paediatric care, but is limited in developing countries without access to ultrasound. Our objectives were to assess the accuracy of prediction of GA at birth and preterm birth classification using routinely collected anthropometry measures.
Introduction
Accurate assessment of gestational age is critical to obstetric and paediatric care. Gestational age guides the timing of interventions at the time of delivery that help to balance the risk of fetal death with neonatal morbidity and mortality. are at risk for a host of short-term and long-term morbidities. 2 Although it is known that preterm birth is the leading cause of morbidity and mortality in developing countries, 3 accurate assessment of gestational age to determine an infant's risk status in these countries remains challenging.
Ultrasound is the optimal method to assess gestational age, but cost, training and maintenance issues limit access in developing countries. 4 Therefore, other approaches to estimate gestational age at the time of birth are used, including recalled last menstrual period and cross-sectional symphysis pubis fundal height, as well as neonatal Ballard 5 and Dubowitz 6 scores. However, these methods all have limitations. Determining Ballard and Dubowitz scores requires technical training that may not be available. 7 The last menstrual period method relies on recall, which is often inaccurate 8 and may be particularly difficult in countries where language or cultural barriers exist between patients and clinicians. [9] [10] [11] Fundal height measurement requires little training, few resources, and can be accessed in all settings, but its reliability is controversial. 12 Longitudinal measures of fundal height may improve gestational age estimation over cross-sectional measures; 13 however, it remains unknown if the accuracy of gestational age estimation may be further improved by the addition of other longitudinal measures of maternal anthropometry and/or cross-sectional measures of neonatal anthropometry at birth.
The objective of this study was to assess the accuracy of predicting gestational age at the time of birth and preterm birth classification using routinely collected, low-cost measures of longitudinal maternal and cross-sectional neonatal anthropometry. It is of great public health importance to identify a simple, reliable and universally applicable tool to determine gestational age at birth.
Methods
The presented methods and results represent a secondary analysis of the NICHD Fetal Growth Study -Singletons, a prospective cohort of pregnant women aged 18-40 years with a pregnancy between 8 +0 weeks and 13 +6 weeks (mean 12.7 weeks, SD 0.95, of gestation) from 12 US sites from July 2009 through January 2013. The primary purpose of the original NICHD fetal growth study was to establish a standard for normal fetal growth (velocity) and size for gestational age in the US population. Secondary objectives included a collection of blood samples for an aetiology study of gestational diabetes. To achieve the first objective, the study recruited 2334 healthy, non-obese [body mass index (BMI) between 19.0 and 29.9 kg/m 2 ], low-risk women across four race/ethnicity groups, who conceived spontaneously and had no obvious risk factors for fetal growth restriction or overgrowth, specifically, non-Hispanic white, African American, Hispanic, and Asian/Pacific Islander women. In addition, the study recruited 468 obese women (BMI between 30 and 45 kg/m 2 ) with no restriction on race/ethnicity to achieve the additional study aims. Exclusion criteria were similar between non-obese and obese women and included chronic hypertension or high blood pressure under medical supervision (obese women if requiring two or more medications), pregestational diabetes, chronic renal disease under medical supervision, autoimmune disease, psychiatric disorders, cancer and HIV/AIDS. Additional exclusion criteria for the non-obese women included a history of preterm low birthweight (<2500 g), or macrosomic (>4000 g) neonate; history of stillbirth or neonatal death; medically assisted conception; cigarette smoking or illicit drug use in past 6 or 12 months, respectively; at least one daily alcoholic drink; previous fetal congenital malformation; history of noncommunicable diseases (asthma requiring weekly medication, epilepsy or seizures requiring medication, haematological disorders, hypertension, thyroid disease); or history of gravid diseases (gestational diabetes, severe pre-eclampsia/ eclampsia, or HELLP (haemolysis, elevated liver enzymes, low platelet count) syndrome. Approval was obtained from all women at participating sites and women gave informed consent. A core outcome set and patient or public involvement were not used in the design of this study.
After all inclusion criteria were met, a screening ultrasound was performed to confirm gestational age based on self-reported last menstrual period. The difference between ultrasound-estimated and last menstrual period-estimated gestational age was calculated and eligible patients were enrolled if the last menstrual period-estimated gestational age was within 5 days for women between 8 +0 weeks and 10 +6 weeks, 6 days for those between 11 +0 weeks and 12 +6 weeks, and 7 days for participants between 13 +0 weeks and 13 +6 weeks. For all enrolled patients, the estimated date of delivery and the gestational ages at each study visit were based on last menstrual period, which was also confirmed by ultrasound.
At the enrolment visit (10 +0 -13 +6 weeks), crown-rump length was measured in triplicate. 15 Women were randomised into one of four follow-up schedules for five targeted visits throughout gestation to capture weekly data without subjecting women to weekly follow up visits.
14 At each study visit starting at 10 weeks, per protocol fundal height was measured before ultrasound examination after women had emptied their bladders. 16, 17 Measurements were taken using the blank side of a 76-cm (30-inch) disposable non-stretchable paper tape by research nurses blinded to gestational age. Fundal height was measured in centimetres first from the fundus to the top of the symphysis pubis and second from the symphysis pubis to the top of the fundus. Measurements were compared for consistency and then averaged for analyses to improve predictive accuracy by being inclusive of varying measurement techniques. 18 Additional fundal heights were abstracted from the prenatal records. Mid-upper arm circumference was measured using a non-stretchable linen tape to the nearest 0.1 cm. The triceps skinfold was measured at the point of mid-upper arm circumference and maternal subscapular skinfold was measured on a diagonal, at a 45°i ncline inferolaterally, at a site just inferior to the inferior angle of the scapula using a Lange Skinfold Caliper (Beta Technology, Inc., Santa Cruz, CA, USA). 19 Maternal weight was measured following a standardised anthropometric protocol. Maternal weight at routine antenatal clinical visits was also abstracted from the prenatal records. Gestational weight gain was calculated as the difference between maternal weight and self-reported pre-pregnancy weight.
To improve the precision of estimates by increasing the number of measurements per woman, we evaluated the quality of chart-abstracted fundal height and maternal weights from prenatal records to see if both the measured values as part of the study protocol and chart-abstracted values from prenatal records could be combined. We found that both fundal height and maternal weights were highly consistent between the two sources and therefore used both sources in our analyses.
Neonatal measurements were collected after delivery. All circumferences were measured using a non-stretch measuring tape. Abdominal circumference was measured at the mid-point between the xiphisternum and the umbilicus and head circumference was measured just above the eyebrows and posteriorly at the maximum protrusion of the occiput. Length was measured using a seca 416 infantometer and birthweight was abstracted from medical charts.
All anthropometric sites were measured in duplicate and if the second measure differed by a pre-specified tolerance value, specific to each anthropometric measure, 19-21 a third measure was performed. Average readings were used for analysis.
Statistical analysis
To estimate gestational age at delivery, we developed three predictor models using combinations of longitudinal maternal and cross-sectional neonatal anthropometry measures. For all predictor models, we used a linear mixed model framework for the longitudinal anthropometry data and for the third model, we added a shared parameter to incorporate neonatal anthropometry, which allowed us to estimate model coefficients for prediction of gestational age.
A novel statistical approach for estimating gestational age that allows for a differing number of longitudinal anthropometric predictors at different observation times across pregnancy was developed. The proposed method can be implemented in two steps. In the first step, available data with ultrasound-consistent gestational age (i.e. study data) are used to fit a linear mixed model, where gestational age is used as a covariate to predict the anthropometry measure(s). In the second step, when the goal is to predict the unknown gestational age (i.e. when a new woman needs gestational age predicted), the coefficients from the fitted model in Step 1 are used to calculate the gestational age value. To mimic this situation, a trainingtest paradigm is implemented, in which the full data set is split between a training set and a test set, whereby the model (step 1) is fit in the training set, and the predictions (step 2) and their accuracy are assessed in the test set.
The predictor models were developed in the non-obese cohort considering subjects with at least two fundal height measurements beginning at any gestational age, where the training set was limited to a random sample of 60% of the cohort and the test set included the remaining 40%.
For the first and primary predictor model of interest, a univariate longitudinal mixed model was used with fundal height as the anthropometric measure. The second and third predictor models were supplemental models to include additional longitudinal maternal anthropometry and cross-sectional neonatal anthropometry measures in a multivariate longitudinal mixed model and a shared random effects model, respectively. The models were fit using the women in the training data set, where gestational age is known and model parameters were extracted (step 1). A formula was created to predict gestational age based on the estimated model parameters (see Appendix S1), and applied to all members of the test set, in which gestational age was treated as unknown for prediction (step 2) through the use of the conditional expected value of gestational age given the observed anthropometry measures. 22 Prediction accuracy was evaluated using the ultrasound-consistent gestational age values for the subjects in the test set by computing the standard deviation of prediction, which is the square root of the average squared difference between the ultrasound-consistent gestational age and the model-predicted gestational age for each subject. We multiplied the standard error by 1.96 to construct the prediction error, such that in 95% of cases, the difference between the model formula's predicted gestational age and the ultrasound-consistent gestational age at birth is within plus or minus this value (i.e. gestational weeks or days).
We tested the accuracy of the fundal height predictor, the primary model of interest, under a number of different constraints to ensure that one group (i.e. maternal race, term births) was not driving the accuracy of the model. We tested the robustness of the predictor, or how accurate the predictor remained, to individual races and preterm delivery <37 weeks by limiting the test set based on these individual characteristics and recalculated prediction errors.
We also calculated the sensitivity and specificity of each predictor for classifying preterm delivery <37 weeks because identifying infants born preterm was of interest. We examined the accuracy of the fundal height model under different scenarios that may occur clinically due to the timing and frequency of measurements. We calculated the prediction error for the fundal height model when only two, three, or four measurements were available and when the measurements were taken starting at 20 weeks, consistent with most clinical guidelines, 23 and after 28 weeks of gestation, consistent with late entry to prenatal care, by limiting the test set based on these constraints. In addition, as gestational age is often dated by cross-sectional fundal height in developing countries, we assessed the prediction error when fundal measurements were taken after 20 weeks as indicated by a fundal height of >20 cm (i.e. when gestational age is only estimated by the initial fundal height and not by last menstrual period).
As the reliability of fundal height decreases with excess adiposity, we developed a separate predictor model in the training set limited to the obese-only cohort (n = 267) to examine the accuracy using an individualised model based on BMI. We also developed a predictor in the combined non-obese and obese cohorts (n = 1601) to assess the accuracy based on a BMI-inclusive population. Analyses were conducted using R version 3.1.2.
Results
We excluded a total of 133 women due to ineligibility after enrolment (10; 0.37%), miscarriage <20 weeks (9; 0.33%), stillbirth (6; 0.22%), anomaly (1; 0.03%), loss to follow up (13; 0.48%), refusal to continue (73; 2.7%), moved (9; 0.33%), termination of pregnancy (7; 0.26%), other (5; 0.18%). The final analytical sample included 2669 women (95% of the original cohort). The majority of women were between 20 and <39 years of age (92.6%), married (74.4%), educated beyond high school (70.1%) and held private health insurance (56.5%). The racial composition was evenly distributed as per study design between non-Hispanic white, non-Hispanic black and Hispanic women, with a smaller proportion of Asian women (16.4%; Table 1 ).
To identify the optimal predictor of gestational age as preterm (<37 weeks), we compared the sensitivity and specificity of predictors ( Table 2 ). The specificity remained constant across all predictors at 97%. The combination of fundal height and maternal weight change resulted in the most sensitive predictor (79%), indicating that fundal height and maternal weight would correctly identify 79% of the preterm births. Various combinations of fundal height, maternal weight change and maternal subscapular skinfold showed similar sensitivities (77-79%). The addition of neonatal measures to fundal height lowered the sensitivity to 69-73%.
Longitudinal fundal height alone had a prediction error of 13.9 days and a sensitivity and specificity of 75% and 97%, respectively, for gestational age being preterm. As a single anthropometry measure may be more simply and universally measured in resource-limited settings, we focused the remaining analyses to assess the robustness of fundal height as a single predictor across varying populations and clinical situations.
Overall, the prediction of gestational age from longitudinal measures of fundal height in a non-obese population was robust when applied to individual maternal races and preterm versus term deliveries with a variation of only 13.1-15.5 days (see Table S1 ). Table 3 The predictor developed using a non-obese cohort may have limited application to women with excess adiposity; therefore, we separately developed and assessed the accuracy of predictors in an obese-only and in a combined non-obese and obese cohort using combinations of longitudinal maternal and cross-sectional neonatal anthropometry. Predictors that were developed in and applied to an obeseonly population had a higher prediction error ranging from 17.9 to 23.3 days (see Table S2 ). When the predictor model was developed in the combined obese and non-obese cohort, the prediction error slightly improved compared with the obese-only cohort, but remained larger than the non-obese cohort with an error of 15.7 to 17.4 days (see Table S3 ), suggesting that fundal height measures in populations with high adiposity were less accurate.
Discussion

Main findings
The presented results are a secondary analysis of the NICHD Fetal Growth Study -Singletons. In non-obese populations, longitudinal measures of fundal height predicted gestational age within a margin of error similar to that of a formula used to estimate gestational age based on fetal biometrics from a third-trimester ultrasound between 28 and 40 weeks (17 days) 23 and classified gestational ages as being preterm with 75% sensitivity and 97% specificity. Predictive accuracy was best when four compared with two or three fundal height measurements were taken in non-obese populations, indicating an improvement in accuracy as the number of fundal height measurements obtained increases. Additionally, predictive accuracy was improved when measurements were taken beginning after 20 weeks, confirming the low correlation before 20 weeks between fundal height measures and gestational age. 24 The addition of longitudinal maternal and cross-sectional neonatal anthropometry measures only minimally improved gestational age prediction, highlighting the value of repeated measurements of fundal height alone. Longitudinal measures of fundal height alone predicted gestational age at birth with similar accuracy across each of the maternal race/ethnicities, though performance was best in non-Hispanic white women. The prediction model was not as accurate in obese women. The proposed methodology can be implemented by using the R function provided in the (Appendix S2), which uses parameters obtained from analysing the NICHD Fetal Growth Study -Singletons in step 1. The user inputs longitudinal fundal height measurements, the corresponding measurement dates (MM/DD/YY), and the date of delivery and the program output suggests a gestational age at delivery (in days).
Strengths and limitations
Despite the accuracy of longitudinal fundal height as a predictor, the number of measurements required for accuracy may not always be feasible in developing countries. Still, with only three repeated measures, the prediction error remained at AE 2.5 weeks. The predictor was developed using a cohort of healthy women from a developed country, which may not be generalisable to populations with substantial demographic differences. However, despite selecting a cohort of healthy women, a number of women still developed complications during pregnancy and were incorporated into the prediction method. It is also unclear how accurately this method would perform in a population with a high prevalence of intrauterine growth restriction or large-for-gestational-age fetuses, which may influence the fundal height trajectory. Although the diagnostic accuracy of the models was estimated using a repeated test-training set paradigm that eliminates the potential for overfitting by evaluating the prediction on the same subjects we developed the predictor, future research is needed to assess the validity of our model to cohorts in developing countries. However, the major strengths of this study include the measurements being taken in a blinded fashion, the racially and demographically diverse population used to develop and assess the predictors, and the novel statistical methods. We developed and tested predictors in mutually exclusive populations to prevent bias.
Interpretation (in light of other evidence)
Routine clinical fundal measurements are recommended by the WHO to identify at-risk fetuses. 25 Therefore, much of the current literature focuses on the development of standard fundal height curves to classify under-growth or over-growth and estimate gestational age. [26] [27] [28] [29] However, in practice, standard curves poorly predict gestational age. 17 This high variability is often attributed to differences in how gestational age was determined in the development of the curves and demographic variation, which has prompted work to develop population-specific fundal height growth curves. 30 Yet, a more substantial limitation may be that a one-time cross-sectional measure does not perform as well as incorporating all longitudinal measures, as our findings indicate. Our study builds on the current literature by incorporating the longitudinal nature of fundal height changes and using a single model, in a diverse cohort, to predict gestational age with reasonable accuracy. Our findings are applicable to clinical practice in developing countries to identify, at the time of birth, the gestational age of the newborn to determine the appropriate treatment for optimal neonatal health. For example, in a developing country, a woman is admitted to the clinic in labour and delivers her child, yet the physician is not aware if the patient was <37 or ≥37 weeks of gestation. In this situation, the physician could use the woman's chart, inclusive of several fundal height measurements to predict gestational age, at the time of delivery, with reasonable accuracy. One previous study also assessed the utility of longitudinal measurements of fundal height. 13 In a cohort of 2437 Thai-Burmese women, White et al. 13 used serial fundal height measurements (at least three measurements) beginning at 10 weeks of gestation to predict gestational age at birth based on the combination of individual linear models. The prediction accuracy improved with an increasing number of measurements, consistent with our study. When ten fundal height measurements were obtained, the model predicted gestational age within 4 weeks and correctly identified 46% of preterm births. Our study expands upon this evidence to include additional longitudinal maternal anthropometry and neonatal measures in a racially/ethnically diverse population. Furthermore, our study used a novel statistical method that incorporated the longitudinal trajectory of fundal height along with random effects which tailored the estimation for each individual. We additionally calculated individualised estimates of specific racial/ethnic and BMI groups, which refined the prediction error to within 2 weeks and correctly identified 75% of preterm births.
Conclusions
Gestational age assessment presents challenges in developing countries, but is particularly important due to the disproportionately high rate of preterm births. 3 Our novel statistical method using longitudinal fundal height measures alone provides a simple, low-cost tool for clinicians to identify gestational ages being preterm and predict gestational age at birth within a window of approximately 2 weeks.
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